A facile synthesis for a photosensitizer-water oxidation catalyst (PS-WOC) dyad, which is connected through a polymeric platform, has been reported. The dyad assembly consists of a ruthenium-based chromophore and a cobalt-iron pentacyanoferrate coordination network as the water oxidation catalyst while poly(4-vinylpyridine) serves as the bridging group between two collaborating units. Photocatalytic experiments in the presence of an electron scavenger reveal that the dyad assembly maintains its activity for 6 h while the activity of a cobalt hexacyanoferrate and Ru(bpy) 3 2+ couple decreases gradually and eventually decays after a 3 h catalytic experiment. Infrared and XPS studies performed on the post-catalytic powder sample confirm the stability of the dyad during the catalytic process.
Introduction
Photocatalytic water splitting has been an attractive and promising research topic over the last two decades due to its potential contribution to sustainable and renewable energy development. 1 The main objective with water splitting is to convert solar light into chemical energy and concurrently to produce hydrogen and oxygen. Since the demanding four-electron process of water oxidation is considered as the bottleneck of water splitting, research efforts have been centered on developing efficient assemblies for light-driven water oxidation catalysis.
In general, a photosensitizer (PS), which absorbs sunlight to create holes and electrons, collaborates with a water oxidation catalyst (WOC) to drive the water oxidation reaction in the presence of an electron scavenger. Recently dyads, in which the molecular PS and WOC are covalently coordinated to each other with a suitable linker, have been constructed to develop dye-sensitized photoelectrochemical cells (DSPECs) to enhance the electron transfer and charge transport between molecular units and the semiconductor. [2] [3] [4] [5] Several Ru(II) based PS-WOC dyad assemblies have recently been coated on TiO 2 to build dyesensitized DSPECs with promising faradaic efficiencies for O 2 evolution. 6, 7 The catalytic efficiency of dyad systems was investigated in a homogeneous system as well. In a study by Thummel et al., a Ru-Ru dyad assembly showed a TON of 134 under 6 h illumination, which is much higher than its analogous intermolecular system with a TON of 6. 3 A follow-up study by Thummel et al. showed a TON of 68 under 1 h light illumination in the presence of sodium persulfate at pH 5.3. 8 Sun et al. also prepared different PS-WOC assemblies, incorporating a ruthenium diimine chromophore and a ruthenium-based catalyst. 9 The TON of the assembly was found to be 38 while the separate system showed a TON of 8. In the majority of the dyad systems, ruthenium-based units have been preferred as both a WOC and a PS due to their strong light absorption, long excited state lifetimes, and high efficiencies. 10 Implementing earth-abundant components, particularly for the catalytic site, still remains a signicant challenge due to synthetic limitations.
The selection of a proper bridging group is one of the critical parameters for the design of an efficient dyad. Polymeric platforms have also been used for this purpose. [10] [11] [12] [13] [14] Several studies indicate that enhanced catalytic efficiency observed on polymeric dyad systems is due to a hopping mechanism along the chain, which results in an intra-assembly electron/hole transfer. 4, 13, 14 Waters et al. reported that an electrode-bound helical peptide PS-WOC assembly has a 10-fold improvement in its catalytic activity compared to its analogous homogeneous system. 12 It has been shown that intra-assembly electron transfer is a key parameter to enhance efficiency and for aligning the distance between units for optimum electron transfer rates. 12, 13 Hisaeda et al. emphasized that an assembly with a polymer linkage can also efficiently work even under diluted conditions by xation of each functional group in the same polymeric unit, thus providing a close distance for electron transfer. 15 In the presence of a polymeric support, stability of the system is also expected to increase by preventing photodecomposition of the photosensitizer. 15, 16 In this study, we present a novel heterogeneous PS-WOC dyad by using poly(4vinylpyridine) (P4VP) as a bridging platform between a ruthenium chromophore and cobalt-based Prussian blue analogue (PBA). Cobalt hexacyanometalates have recently been demonstrated as promising water oxidation catalysts due to their high catalytic activities, robustness, and stabilities at a wide range of pH (1 to 13). [17] [18] [19] [20] [21] [22] [23] [24] Therefore, the use of a CoFe-PBA as a WOC rather than a Ru-based one will be a step forward in the development of entirely earth abundant dyads. P4VP has recently been used to prepare a Co-Fe coordination polymer for water oxidation electrocatalysis by our group. 25 The study involved the coordination of Fe(CN) 5 groups to the pyridyl groups of P4VP yielding a robust precursor for the synthesis of amorphous PBAs. In another study, a Co-P4VP assembly has successfully been prepared and found to be an efficient metallopolymer for water reduction electrocatalysis. 26 Given the successful utilization of P4VP for catalytic applications, herein, we propose a synthetically facile dyad, wherein the ruthenium-based molecular photosensitizer is connected to a Prussian blue type water oxidation catalyst through a P4VP platform. Photocatalytic water oxidation performance has been investigated in comparison with a cobalt-based PBA. Characterization techniques have also been performed to evaluate its stability.
Experimental
Starting materials cis-Bis(2,2 0 -bipyridine)dichlororuthenium(II) hydrate (Acros Organics, 97%), poly(4-vinylpyridine) (Sigma-Aldrich, MW $ 60 000), AgNO 3 (Sigma-Aldrich, $99.0), Na 2 [Fe III (CN) 5 NO]$2H 2 O (Alfa Aesar, 98%), and NaOH (Sigma-Aldrich, 98-100.5%) were used. All the solvents were analytical grade and reagents received were used without any further processing. Millipore deionized water (resistivity: 18 mU cm) was used for all experiments that required water.
Synthetic procedures
General procedure for synthesis of [ 2 was added to the solution of 6-fold molar excess of poly(4vinylpyridine) which was dissolved in 200 mL 4 : 1 ethanol/water. The mixture was reuxed in the dark for 48 h under constant stirring. Completion of the product was monitored by UV-Vis spectroscopy. The resulting solution was evaporated by a rotary evaporator, dissolved in ethanol, and precipitated by ethyl ether. 28 The precipitate was ltered and rinsed with cold water and ethyl ether. Throughout the article, the abbreviation [Ru-P4VP] will be used for the [Ru(bpy) 2 (P4VP) 6 ].
General procedure for synthesis of the Fe precursor. Na 3 [Fe II (CN) 5 NH 3 ]$3H 2 O was used as the Fe precursor. According to the procedure in literature with slight modications, 25,29 30 g of Na 2 [Fe III (CN) 5 NO]$2H 2 O and 4 g NaOH were mixed in 120 mL of water under constant stirring. Throughout the experiment, the temperature was kept below 10 C. Aer obtaining a homogenous solution, 25% (v/v) NH 4 OH solution was added until saturation, followed by the addition of cold methanol until a yellow color was obtained. The product was recrystallized using NH 4 General procedure for synthesis of [Ru-P4VP-Fe]. The [Ru-P4VP] was dissolved in methanol and the precursor was added according to a 1 : 2 Ru/Fe ratio. The solution was kept in the dark under constant stirring for 5 days. Cold [Ru-P4VP-Fe] solution was centrifuged with water three times and the solution was discarded. The complex was dried aer washing with acetone in a vacuum desiccator. Throughout the manuscript, the abbreviation [Ru-P4VP-Fe] will be used for the [Ru(bpy) 2 (P4VP) 6 ]-Fe(CN) 5 assembly.
General procedure for synthesis of [Ru-P4VP-CoFe]. Cobalt(II) acetate tetrahydrate was used as the Co precursor. [Ru-P4VP-Fe] and the Co precursor were mixed in a 1 : 1 acetonitrile/water solution. The Co precursor was added according to the 3 : 2 Co/Fe stoichiometric ratio. The solution was kept in the dark under constant stirring for 2 days following evaporation by a rotary evaporator.
Throughout the article, the abbreviation [Ru-P4VP-CoFe] will be used for the [Ru(bpy) 2 (P4VP) 6 ]-CoFe(CN) 5 assembly. The proposed structure of the assembly is shown in Fig. 1 .
Photochemical setup
The oxygen amount was measured with GC (Agilent 7820A, Molesieve GC column (30 m Â 0.53 mm Â 25 mm)) thermostatted at 40 C which was equipped with a TCD detector thermostatted at 100 C (Ar as carrier gas). Oxygen evolution was calibrated with a pressure transducer (Omega PXM409-002BAUSBH). The solar light simulator (Sciencetech, SLB-300B, 300 W Xe lamp, AM 1.5 global lter) was calibrated to 1 sun (100 mW cm À2 ). Experimental setup is shown in ESI † and explained in detail.
Results and discussion
Characterization Ru(bpy) 2 Cl 2 exhibits two characteristic bands at 526 and 283 nm, which are assigned to metal-to-ligand charge transfer (MLCT) and ligand centered p-p* (LC) transitions, respectively. On the other hand, a blue shi to 465 (with a shoulder at 435 nm) is obtained for [Ru-P4VP] verifying the complex formation, which are in good accordance with absorption proles of trisbipyridyl-ruthenium(II) complexes (Fig. 2) . [30] [31] [32] These bands were also observed for [Ru-P4VP-Fe] and [Ru-P4VP-CoFe], which indicates that the ruthenium ion is surrounded with pyridyl groups in all compounds and that the ruthenium site in [Ru-PVP-CoFe] could serve as a chromophore to utilize visible light ( Fig. S1 †) .
The infrared spectrum of [Ru-P4VP] exhibits two major bands at 1417 cm À1 and 1597 cm À1 , which are attributed to the C]C ring and C]N ring of pyridyl rings ( Fig. S2 †) . 25, 33 An additional band in the 2000-2200 cm À1 range is observed for [Ru-P4VP-Fe], which corresponds to the C^N stretches of the [Fe(CN) 5 ] fragment (Fig. 3 ). The relatively small peak at 2103 cm À1 is a result of the partial oxidation of the iron sites to Fe 3+ . The reaction with Co 2+ leads to a shi to higher frequency due to the formation of the Fe-CN-Co coordination mode. 25, 34 XPS studies indicate an observable change in the binding energy of the Ru 3d 5/ 2 signal for [Ru-P4VP] compared with that of Ru(bpy) 2 Cl 2 as a result of the replacement of chloride groups with pyridyl ones. Ru 3d 5/2 signals are considered for comparison due to overlap of the Ru 3d 3/2 and C 1s signals (Fig. 4) . contains satellite signals at binding energies approximately 5 eV higher than the principal signals.
XRD analysis conducted on [Ru-P4VP-CoFe] powder reveals characteristic peaks of PB structure. The broad nature of the peaks implies the formation of small PB structures due to the polymeric moiety ( Fig. S5 †) . The structural morphology was also conrmed by SEM studies (Fig. S6 †) . Cubic structures with particle sizes of around 50 nm were observed. EDX studies also conrm the presence of Ru, Co, Fe, and a small quantity of Na yielding a rough molecular formula of Na 0.96 Co 2.86 [Fe(CN) 5 ] 2.13 -[P4VP] 6 -[Ru(bpy) 2 ]Cl 2.29 (Fig. S7 †) . It should be noted that an average of two out of six pyridyl groups are estimated to react with [Ru(bpy) 2 ] fragments 21, 22 while the ratio is 1 : 3 for [Fe(CN) 5 ]/pyridyl. SEM studies performed on different regions of the powder sample indicate the lack of a uniform stoichiometric ratio between metal ions. Such a non-uniform distribution can be explained by both the nonstoichiometric nature of PBAs 36 and their integration with a non-uniform Ru-polymer system. Furthermore, the amount of chloride ions is higher in regions where ruthenium is more abundant. A similar trend was also observed for sodium atoms with respect to cobalt and iron atoms, which suggests that [Ru(bpy) 2 ] and CoFe PBA exhibit a cationic and anionic nature, respectively. Thus, chloride ions are present to provide the charge balance in regions where ruthenium ions are in excess, while Na ions serve a similar purpose for PB structures. Overall, the characterization studies conclude that P4VP is coordinated to both [Ru(bpy) 2 ] fragments and cubic PB structures.
Catalytic performance
Photocatalytic studies were performed on a suspension solution containing [Ru-P4VP-CoFe] powder and Na 2 S 2 O 8 as the electron scavenger, at pH 7. Photocatalytic experiments were also performed with a previously studied cobalt hexacyanoferrate (labeled as Co-Fe PBA throughout the manuscript) in the presence of a [Ru(bpy) 3 ] 2+ /S 2 O 8 2À couple for comparison under similar conditions. 17 In both experiments, the quantity of O 2 in the gas-tight set-up was measured before and aer with gas chromatography. Blank measurements without a catalyst, a chromophore, and an electron scavenger were also carried out under the same conditions. The experiment for [Ru-P4VP-CoFe] was performed for six cycles with the same batch while the experiment for the [Ru(bpy) 3 ] 2+ and Co-Fe PBA couple was performed for three cycles. The [Ru(bpy) 3 ] 2+ and Co-Fe PBA curve yields a turnover frequency of 4.5 Â 10 À4 s À1 , which is in good agreement with the previous study. 17 The catalytic activity of [Ru(bpy) 3 ] 2+ and Co-Fe PBA system decreases gradually. In the nal cycle, the number of moles of O 2 produced reached the value of the blank measurement ([Ru(bpy) 3 ] 2+ and Co-Fe PBA without an electron scavenger, Fig. S8 †) , which is attributed to the decomposition of [Ru(bpy) 3 ] 2+ complex under photocatalytic conditions. 17 The photocatalytic water oxidation performance of PBAs was previously investigated by Galán-Mascarós et al. with characterization studies performed on the post-catalytic sample. 17 The origin of the decaying trend was found to be due to the photodecomposition of the Ru chromophore by releasing its pyridyl groups. These groups then poison the catalyst by coordinating to catalytic cobalt sites. On the other hand, [Ru-P4VP-CoFe] maintained its catalytic activity for six cycles. TOF ranges from 3 Â 10 À4 s À1 to 6 Â 10 À4 s À1 throughout these cycles. The slight variation in the catalytic performance can be attributed to the change in the morphology of the powder sample during the catalytic process and/or to the rough approximations made for the determination of TOF. For example, all cobalt sites are assumed to be catalytically active in the estimation of TON and TOF for [Ru-P4VP-CoFe]. Given a particle size of 50 nm for cubic-shaped particles obtained by SEM image (Fig. S6 †) , a rough calculation indicates that only around 3% of the cobalt sites are on the surface and active. Thus, the changes in TOF during each cycle are well within the error range (Fig. 6) .
A TON of 11 is obtained aer six cycles under a total of 6 h light illumination while the Ru(bpy) 3 2+ and Co-Fe PBA system achieved only a TON of 2 aer three cycles in a 3 h period. The results show that the ruthenium complex in [Ru-P4VP-CoFe] serves as a chromophore similar to Ru(bpy) 3 2+ and coupling it with a heterogeneous catalyst enhances its stability dramatically (Fig. 7) .
Post-catalytic characterization
The stability of the catalyst has been investigated in detail by performing XPS and infrared studies on the post-catalytic powder sample. The suspension solution was ltered, washed several times with distilled water, and dried in a vacuum desiccator to obtain the post-catalytic powder sample. The XPS analysis of Co 2p and O 1s binding energies in the pristine and postcatalytic samples were carried out for [Ru-P4VP-CoFe]. The spectra of the Co 2p bands exhibit similar Co 2p 3/2 , Co 2p 1/2 , and satellite bands (Fig. S9 †) . Moreover, a lack of peaks below 780 eV rules out the decomposition of Co-Fe PBA to a possible catalytically active oxide species. 26 XPS of the O 1s region was conducted to conrm that there is no decomposition of the metal-coordinated clusters which might lead to a mixed metal oxide. Analysis of the O 1s region clearly shows that there is no cobalt oxide species, which typically have binding energies lower than 530 eV, and peaks observed around 531 eV are only due to surface-adsorbed oxygen species (Fig. S10 †) . 25 Based on the comparison of the Ru 3d 5/2 band of pristine and post catalytic [Ru-P4VP-CoFe], possible formation of RuO 2 can be ruled out (Fig. S11 †) . 37 It should also be noted that a slight broadening in the O 1s peak and a slight shi in the Ru 3d 3/2 peak has been observed for the post-catalytic sample, which could be attributed to the formation of a trace amount of ruthenium oxide species.
The cyanide stretch of the post-catalytic sample shis to higher wavenumbers, which is attributed to partial oxidation of Co 2+ to Co 3+ during photoexcitation (Fig. S12 †) . As pointed out by Galán-Mascarós et al., this change could also be due to linkage isomerism (CN bond ipping). 17 Furthermore, two major bands of the pristine sample at 1417 cm À1 and 1597 cm À1 , which are attributed to C]C ring and C]N ring of pyridyl rings, were observed also for the post-catalytic sample (Fig. 8 ).
Although the [Ru-P4VP-CoFe] assembly showed enhanced activity and stability compared with its cobalt-based dyad (TON of 5) reported by Sun et al. 38 The stability of molecular dyads have generally been investigated with relatively short-term experiments, which are in the order of minutes. This study, however, represents a dyad that maintains its activity during a 6 h photocatalytic experiment. The stability of [Ru-P4VP-CoFe] can be attributed to the inherent robustness of the rigid cyanide network. It is also important to underline that no studies have been reported so far on the re-usability of dyads, and therefore, this study is novel in the line of techniques to analyze catalytic performance of dyads.
Polymeric dyad assemblies presented in the literature are investigated in DSPEC systems where the assembly is anchored to a semiconductor. In such studies, the activities of the dyads are analyzed in different experimental conditions and are reported in terms of current densities and faradaic efficiencies. For this reason, fair comparison of the [Ru-P4VP-CoFe] system with polymeric dyads reported cannot be made.
Conclusions
Overall, a novel heterogeneous PS-WOC dyad, incorporating poly(4vinylpyridine) as a bridge between a ruthenium chromophore and a cobaltbased PBA, was presented. The structure of each of the intermediate products ([Ru-P4VP] and [Ru-P4VP-Fe]) and that of the nal product [Ru-P4VP-CoFe], was monitored and elucidated with infrared, UV-Vis, and XPS studies. EDX studies revealed the formation of a non-stoichiometric compound, wherein the atomic ratio of Ru to Fe atoms varies from 1.87 to 2.56, the average of which yields a rough molecular formula of Na 0.96 Co 2.86 [Fe(CN) 5 ] 2.13 -[P4VP]-[Ru(bpy) 2 ]Cl 2.29 . SEM and XRD studies indicate the formation of small Prussian blue cubic structures with a size of around 50 nm. Catalytic performance of the dyad was investigated under 1 h light illumination, and oxygen evolution was measured with GC where a pressure transducer was used as a supporting device to sense the pressure during the photocatalytic experiment. The dyad showed slightly higher catalytic activity (a TOF of 5.6 Â 10 À4 s À1 ) compared with the relevant multi-component system (a TOF of 4.5 Â 10 À4 s À1 ), which could be attributed to the increase in the number of active cobalt sites on the surface due to change in the morphology or improvement in the activity of catalytically active cobalt sites or a combination of both. Moreover, [Ru-P4VP-CoFe] maintained a steady activity for six cycles. Characterization studies performed on the pristine and post-catalytic powder samples conrmed the stability of the assembly under harsh photocatalytic conditions. This result indicates that rigid PB structures serve not only as a water oxidation catalyst but also as a protective layer for the chromophore. Therefore, immobilization of chromophores via coordination to cyanide-based frameworks could be a viable approach for the development of robust and active dyad assemblies for photocatalytic water oxidation. The diversity, easy synthesis, and remarkable stability of cyanide-based frameworks make them ideal candidates for the development of dye-sensitized photoanodes for water oxidation.
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